Animal studies and a handful of prospective human studies have demonstrated that young offspring exposed to maternal prenatal stress show abnormalities in immune parameters and hypothalamic-pituitary-adrenal (HPA) axis function. No study has examined the effect of maternal prenatal depression on offspring inflammation and HPA axis activity in adulthood, nor the putative role of child maltreatment in inducing these abnormalities. High-sensitivity C-reactive protein (hs-CRP) and awakening cortisol were measured at age 25 in 103 young-adult offspring of the South London Child Development Study (SLCDS), a prospective longitudinal birth cohort of mother-offspring dyads recruited in pregnancy in 1986. Maternal prenatal depression was assessed in pregnancy at 20 and 36 weeks; offspring child maltreatment (birth 17 years) was assessed at offspring ages 11, 16 and 25; and offspring adulthood depression (18-25 years) was assessed at age 25. Exposure to maternal prenatal depression predicted significantly elevated offspring hs-CRP at age 25 (odds ratio = 11.8, 95% confidence interval (CI) (1.1, 127.0), P = 0.041), independently of child maltreatment and adulthood depression, known risk factors for adulthood inflammation. In contrast, maternal prenatal depression did not predict changes in offspring adulthood cortisol; however, offspring exposure to child maltreatment did, and was associated with elevated awakening cortisol levels (B = 161.9, 95% CI (45.4, 278.4), P = 0.007). Fetal exposure to maternal depression during pregnancy has effects on immune function that persist for up to a quarter of a century after birth. Findings are consistent with the developmental origins of health and disease (DOHaD) hypothesis for the biological embedding of gestational psychosocial adversity into vulnerability for future physical and mental illness.
INTRODUCTION
There is mounting evidence that many psychiatric and physical health conditions originate in adverse early-life experiences, but the exact timing for the embedding of such adverse experiences into the individual's pathophysiology remains unknown, especially in regards to the relative contributions of prenatal and childhood environments. Much contemporary research has investigated the relationship between very early-life adversity, namely exposure to maternal prenatal stress, and neurodevelopmental and health outcomes in later life, including emotional, behavioral and cognitive psychopathology, stress physiology, brain plasticity, immune function and chronic metabolic diseases. [1] [2] [3] [4] [5] [6] [7] [8] This body of research draws upon the theoretical premise of fetal programming, which posits that exposure to an adverse intrauterine environment, especially elevated levels of maternal glucocorticoids, can generate persistent changes in fetal biological systems, which subsequently confer risk for developmental disorders later in life. [9] [10] [11] [12] A consistent clinical finding in the literature is that maternal prenatal depression predicts offspring depression across childhood and early adulthood. [13] [14] [15] This has stimulated research into the putative biological mechanisms underlying this association, especially with reference to two prominent biological models of the pathogenesis of depression, specifically the inflammatory and the hypothalamic-pituitary-adrenal (HPA) axis systems. [16] [17] [18] [19] [20] [21] Depressed individuals exhibit elevated levels of peripheral blood inflammatory biomarkers, most commonly C-reactive protein (CRP) and proinflammatory cytokines, as well as plasma, salivary and urinary cortisol. [22] [23] [24] [25] [26] [27] As pregnancy per se is associated with increased maternal inflammation and HPA axis activity, 28, 29 which can be further exacerbated by the experience of depression during this time, 30 it has been hypothesized that inflammation and HPA axis dysregulation are likely candidate mechanisms for the biological embedding of maternal-fetal transmission of stress reactivity and vulnerability for affective psychopathology. [31] [32] [33] [34] However, most studies detailing a link between maternal prenatal stress and offspring immune activation have been carried out in animals, [35] [36] [37] with only one prospective human study demonstrating a link between maternal prenatal anxiety and reduced adaptive immunity in infancy, 38 and a retrospective study detailing a link between maternal prenatal life events and elevated immune parameters in adult women. 39 A greater number of studies have demonstrated an association between maternal prenatal stress and offspring HPA axis abnormalities, 8, 12, 40, 41 with fewer studies examining HPA axis outcomes specifically in offspring of prenatally depressed mothers. 42 Indeed, fetal exposure to synthetic maternal glucocorticoids has been shown to predict adolescent brain development and affective psychopathology. 43 It is of particular note in this context that child maltreatment has also been identified as a prominent risk factor for subsequent mental and physical ill health, [44] [45] [46] [47] [48] with individuals with a history of child maltreatment also exhibiting elevated inflammation and HPA axis abnormalities. [49] [50] [51] [52] [53] Furthermore, recent clinical and epidemiological studies have described an association between exposure to maternal prenatal depression and an increased risk of the offspring being exposed to child maltreatment. 14, [54] [55] [56] These findings suggest that prenatal depression and child maltreatment may be a part of the same putative pathway of vulnerability for stress-related disorders; however, because of the clinical overlap, it is currently unclear whether both kinds of stressors could lead to both inflammation and HPA axis abnormalities.
The aims of the current study were therefore to investigate (1) whether maternal prenatal depression predicts adulthood inflammation and HPA axis dysfunction in young adult offspring, and (2) whether offspring child maltreatment (and adulthood depression) moderate the effects of prenatal depression on these immune and neuroendocrine parameters. We sought to test these hypotheses using data recently collected through a new wave of assessment of offspring participants (aged 25) of the South London Child Development Study (SLCDS).
MATERIALS AND METHODS Sample
The SLCDS is a prospective longitudinal UK birth cohort study that was setup in 1986. 13, [56] [57] [58] [59] [60] All pregnant women who registered at one of two South London National Health Service general practices for antenatal care between 1 January 1986 and 31 December 1986 were invited to take part. One-to-one clinical interviews were carried out with expectant women at 20 and 36 weeks of pregnancy and 3 and 12 months postpartum, with offspring and mothers at 4, 11, 16 years and with offspring at 25 years. For this study, at 25 years the offspring were asked to provide blood and saliva samples, from which biomarkers of adulthood inflammation (highsensitivity C-reactive protein (hs-CRP) and HPA axis activity (cortisol) were measured. At each phase of the study, independent researchers who were unaware of the content of previous assessments conducted the interviews.
Two hundred and fifty-two women participated in the first assessment visit at 20 weeks' gestation. Because of time restraints, a 75% random subsample (hereon referred to as the 'random sample') was selected for interview at 36 weeks pregnant and 3 months postnatal, with the remaining women completing postal self-report questionnaires only. The random sample did not differ statistically in any sociodemographic or clinical characteristics in comparison with the non-random sample, 57 and is the sample of interest in this paper. Figure 1 depicts the progress of participation for the random sample from SLCDS onset to 25 years.
Measures
Maternal prenatal depression. Maternal prenatal depression was assessed at 20 and 36 weeks of pregnancy using the Clinical Interview Schedule. 61 International Classification of Diseases, Ninth Revision was used to make diagnoses of the women's current mental state (past 2 weeks). A dichotomous variable was created that detailed whether a mother had been clinically depressed at either time point in pregnancy (0 = nondepressed and 1 = depressed).
Offspring adulthood inflammation. Peripheral inflammation was indexed through the measurement of hs-CRP in the plasma. Blood samples were taken from the antecubital fossa using the BD Vacutainer Safety-Lok Blood Collection Set (BD, Oxford, UK). The participants were venipunctured in the early afternoon (M = 13:34 h, s.d. = 2.06) and were not fasted before sample collection. hs-CRP measurement was conducted blind to the participant status by King's College Hospital Pathology Department using the Siemens Advia 2400 (Siemens, Camberley, UK).
As CRP levels greater than 10.0 mg l − 1 are indicative of acute inflammation, this upper limit was used as a cutoff to exclude individuals with potential acute inflammation from all further analyses; 51 4 of the 82 offspring who provided a blood sample were excluded from analysis on this basis, leaving an n of 78, which made up the 'hs-CRP sample'. A continuous variable of offspring's hs-CRP levels (mg l − 1 ) was generated. In addition, offspring were also dichotomized into clinically low and high inflammation using a cutoff of ⩾ 3.0 mg l − 1 , the American Heart Association definition for high cardiovascular disease risk. 62 Offspring adulthood salivary cortisol. Offspring were instructed to collect four saliva samples in the first hour immediately after awakening ((i) upon awakening; (ii) +15 min; (iii) +30 min; (iv) +60 min) in order to assess the cortisol-awakening response (CAR). Offspring were instructed not to drink, eat, smoke or brush their teeth, and were given an instruction sheet and record log to detail the exact times of saliva sample collection. Saliva samples were assayed for cortisol using a standard commercial enzyme-linked immunosorbent assay (Salimetrics, Newmarket, UK). Cortisol values for each time point were used to estimate overall CAR values, using the trapezoid formula to calculate the area under the curve with respect to ground (AUC G ). 63 Seventyfive offspring returned their saliva samples; 7 offspring were excluded from analysis on the basis of (i) incomplete returned record sheets (n = 4), (ii) illness on the day of sample collection (n = 1), (iii) insufficient saliva to assay cortisol (n = 1) and (iv) statistical outlier (n = 1), leaving n = 68 in the 'cortisol sample'.
Offspring child maltreatment. Offspring exposure to child maltreatment (physical abuse, sexual abuse, emotional abuse and/or neglect up to age 17) was rated based on two independent assessment measures: the Childhood Experience of Care and Abuse Questionnaire (CECA.Q) conducted with offspring at 25 years and the Child and Adolescent Psychiatric Assessment (CAPA) conducted with offspring and primary caregiver (in most cases the mother) at 11 and 16 years. [64] [65] [66] Physical and sexual abuse were rated based on offspring reports of severe incidents provided at 25 years using the CECA.Q (rated in accordance with cutoff guidelines published by Bifulco et al.) , 65 combined with the joint offspring and parental reports of severe instances of sexual and physical abuse provided at 11 and 16 years using the CAPA. For CAPA-recorded incidents, Figure 1 . Flowchart of the study participation. hs-CRP, highsensitivity C-reactive protein.
physical abuse was rated if participants reported severe incidents of abuse that involved at least some physical injury or force with potential for such, whereas sexual abuse was defined as severe incidents in which a perpetrator involved the offspring in activities for the perpetrator's own sexual gratification, such as fondling, oral contact, genital or anal intercourse. Emotional abuse and neglect were indexed through offspring ratings of severe parental antipathy and severe parental neglect up to 17 years using the CECA.Q in accordance with the rating guidelines published by Bifulco et al. 65 A binary variable of maltreatment was rated if any one of the three types of severe abuse (physical, sexual and emotional) or severe neglect were ever present (0 = non-maltreated and 1 = severe maltreatment).
Offspring adulthood depression. Offspring depression (Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) diagnoses of major depressive disorder, depressive disorder not otherwise specified and dysthymic disorder) between ages 18 and 25 was assessed at 25 years using the Structured Clinical Interview for DSM-IV Axis I Disorders, Clinician Version. 67 Diagnoses were rated in conjunction with the study psychiatrists (CMP and TC). A binary variable indicating a depressive disorder diagnosis was generated (0 = non-depressed and 1 = depressed).
Confounding variables. The following risk variables were included in analyses as potential confounders based on theoretical premise and previous studies: 42, 68 offspring current body mass index (kg/m 2 ); offspring current use of medication with potential effects on the immune system (contraceptive pill and injection, asthma pump, hormone regulation medication (for example, hair regrowth serums), antidepressants, nonsteroidal anti-inflammatory drugs, corticosteroids, prescription antiinflammatory drugs (0 = no medication, 1 = medication use); 51 offspring current smoking (0, o 5, 6-10, 11-15, 16-20 and 21+ cigarettes per day); offspring birth weight (g); offspring gestational age (whole weeks), offspring gender (0 = male, 1 = female), ethnicity (0 = white British, 1 = not white British); family social class (0 = middle class, 1 = working class).
Ethics
Full ethical approval was obtained for all stages of the study at 25 years from London-Camberwell St Giles National Research Ethics Service Committee (reference number: 11/LO/0812). Written informed consent was obtained from all participants.
Data analysis
First, we used hierarchical multiple regression models to test for association between maternal prenatal depression and offspring adulthood hs-CRP and cortisol. We then assessed whether child maltreatment and offspring adulthood depression contributed to the effects of prenatal depression on these biological outcomes using multiple regression and analyses of covariance (ANCOVAs). All statistical analyses were conducted in IBM SPSS Statistics Version 22 (IBM, Portsmouth, UK). The block-wise method of entry was used in all regression models, with the variable of interest entered at the final step. Multicollinearity was assessed using the variance inflation factor. All ANCOVAs and regression models were adjusted for potential confounding variables, and included only cases with a full data set.
RESULTS

Descriptives
The mean hs-CRP value was 1.5 mg l − 1 (s.d. = 1.7, n = 78); 13 (16.7%) offspring were categorized as having clinically high levels of inflammation (hs-CRP ⩾ 3.0 mg l Table 1 .
Maternal prenatal depression is associated with offspring adulthood inflammation We tested this hypothesis using hierarchical multiple regression models. In a hierarchical multiple linear regression model Prenatal maternal depression is associated with offspring inflammation DT Plant et al (controlling for gender, ethnicity, family social class, gestational age, birth weight, adulthood depression, child maltreatment, smoking, medication use and body mass index), maternal prenatal depression predicted significantly elevated offspring hs-CRP levels (B = 1.1, t = 2.9, P = 0.005, 95% confidence interval (CI) (0.3, 1.8), model R 2 = .45, F 11,63 = 4.6, Po 0.001, n = 75; see Supplementary  Figure 1 for scatterplot). Similarly, an adjusted hierarchical multiple logistic regression model revealed a significant association between maternal prenatal depression and offspring classified with clinically high inflammation based on the dichotomized hs-CRP values, with more than an 11-fold increased risk in exposed offspring (Wald) statistic = 4.2, P = 0.041, odds ratio = 11.8, 95% CI (1.1, 127.0), model χ 2 1 = 32.3, degree of freedom = 11, P = 0.001, n = 75). Notably, neither child maltreatment nor adulthood depression predicted elevated overall hs-CRP levels or dichotomized hs-CRP levels. Full model statistics are summarized in Table 2 , and a graphical representation of offspring-dichotomized hs-CRP levels as a function of exposure to maternal prenatal depression is presented in Figure 2 . Next, we tested whether child maltreatment and adulthood depression moderated the effects of maternal prenatal depression on offspring adulthood inflammation. Moderation analyses did not reveal any evidence of statistically significant interactions between child maltreatment and maternal prenatal depression, or adulthood depression and prenatal maternal depression, for either overall or dichotomized hs-CRP levels.
Finally, supplementary ANCOVAs were conducted to examine whether exposure to maternal prenatal depression, child maltreatment and adulthood depression exert differential or cumulative effects on hs-CRP levels, see Figure 3 . In the first ANCOVA we compared the following four groups of offspring: (i) not exposed to either prenatal maternal depression or child maltreatment (n = 36); (ii) exposed to only prenatal maternal depression (n = 10); (iii) exposed to only child maltreatment (n = 13); (iv) exposed to both prenatal maternal depression and child maltreatment (n = 16). The ANCOVA (adjusted for all covariates) revealed a significant main effect (F 3,62 = 2.8, P = 0.047, n = 75), with post hoc analyses revealing that offspring exposed to only maternal prenatal depression had significantly higher hs-CRP values in comparison with non-exposed offspring (estimated mean difference = 1.2, s.e. = 0.5, P = 0.02), and offspring exposed to only child maltreatment (estimated mean difference = 1.4, s.e. = 0.6, P = 0.03), with no difference between those exposed to only child maltreatment and non-exposed offspring (estimated mean difference = − 0.2 s.e. = 0.5, P = 0.7) and no further increase in offspring exposed to both insults compared with offspring exposed to only maternal prenatal depression (estimated mean difference = 0.5 s.e. = 0.6, P = 0.4). Using a similar approach, a second ANCOVA (adjusted for all covariates; F 3,62 = 4.5, P = 0.006, n = 75) revealed that offspring exposed to only maternal prenatal depression (n = 12) had significantly higher hs-CRP values in comparison with non-exposed and non-depressed offspring (n = 37; estimated mean difference = 1.8, s.e. = 0.5, P = 0.001), with Table 2 . Hierarchical multiple linear and logistic regression models of hs-CRP levels and clinically high inflammation status
Predictors
Overall hs-CRP levels Dichotomized (high versus low) hs-CRP depressed-only offspring (n = 12; estimated mean difference = 1.5, s.e. = 0.6, P = 0.009) and with exposed and depressed offspring (n = 14; estimated mean difference = 1.4, s.e. = 0.6, P = 0.02). We did not observe any significant differences between depressed-only offspring and non-exposed offspring (estimated mean difference = 0.2, s.e. = 0.5, P = 0.6).
Child maltreatment is associated with changes in offspring adulthood CAR Hierarchical multiple linear regression models (controlling for gender, ethnicity, family social class, gestational age, birth weight, adulthood depression, child maltreatment, smoking, medication use and body mass index) revealed no significant association between maternal prenatal depression and offspring raw cortisol levels or CAR (awakening: B = 0.4, P = 0.8, n = 65; +15 min: B = − 0. To investigate further whether exposure to child maltreatment and experiencing depression in adulthood exert a cumulative effect on the CAR, we compared the following four groups of offspring: (i) not exposed to child maltreatment and not depressed in adulthood (n = 34); (ii) exposed to child maltreatment only (n = 12); (iii) depressed in adulthood only (n = 6); (iv) exposed to child maltreatment and depressed in adulthood (n = 14). ANCOVA revealed a significant main effect on CAR AUC G levels (F 3,52 = 5.4, P = 0.003, n = 64). Post hoc comparisons revealed that offspring exposed to only child maltreatment had significantly higher values in comparison with non-maltreated and non-depressed offspring (estimated mean difference = 251.6, s.e. = 65.2, P o 0.001), and maltreated and depressed offspring (estimated mean difference = 244.7, s.e. = 74.5, P = 0.002).
DISCUSSION
In the present study we use a 26-year prospective longitudinal design to demonstrate, for we believe the first time, that exposure to maternal prenatal depression predicts elevated offspring inflammation in early adulthood. We find that this effect is not accounted for by the experience of subsequent child maltreatment or depression in adulthood. Rather, our data suggest that maternal prenatal depression has a persistent effect on offspring inflammation at the age of 25 that is independent of subsequent adverse experiences. Interestingly, we do not find support for our hypothesis of an effect of maternal prenatal depression on offspring 25-year awakening cortisol levels; however, our data indicate that offspring experience of child maltreatment predicts an elevated adulthood CAR.
Inflammation
Our finding that maternal prenatal depression predicts inflammation at 25 years extends recent animal and human work that reports a link between prenatal stress exposures and altered immune parameters in the infancy period and in women. [35] [36] [37] [38] [39] It thereby provides some of the strongest evidence to date that prenatal adversities, specifically maternal depression during pregnancy, have persistent and independent effects on the offspring's inflammatory system activation during early adulthood. Adult offspring whose mothers were clinically depressed during pregnancy were not only significantly more likely to have greater hs-CRP levels than offspring of non-prenatally depressed mothers, but also were more likely to have inflammation reaching a clinically significant threshold, which is itself a risk for subsequent chronic metabolic conditions such as cardiovascular disease. 69, 70 These data thereby add to the literature on the developmental origins of health and disease risk.
It is interesting that our data indicate that there was no moderating effect of child maltreatment on the association between maternal prenatal depression and offspring hs-CRP. Furthermore, our results indicate that offspring with a history of only child maltreatment do not show elevated hs-CRP levels in the context of measurement of maternal prenatal depression. This may seem in contradiction with studies (including from this group), showing that adults with a history of child maltreatment have elevated inflammation. [51] [52] [53] 71 Nevertheless, given that child maltreatment has been shown to be predicted by maternal prenatal depression, 14, 54 and that previous studies have measured only child maltreatment but not prenatal depression, [51] [52] [53] 71 it is plausible that the 'unmeasured' effects of maternal prenatal depression in these studies may have been attributed to child maltreatment in a manner reflecting residual confounding. 68 This account thereby advocates that prenatal stress has modulatory effects on inflammatory system development. 6 Indeed, studies in rodents have demonstrated that pups of prenatally stressed dams show elevated levels of circulating proinflammatory cytokines 72 and cytokine mRNA expression.
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Figure 3. Estimates of offspring mean hs-CRP levels as a function of exposure to maternal prenatal depression, offspring child maltreatment and depression in adulthood, adjusted for covariates (*P o0.05, **Po 0.01). hs-CRP, high-sensitivity C-reactive protein.
There are also reports of stress-induced activation of immune pathways within the placenta, including increased gene expression for interleukin-6 and interleukin-1 beta. 75 Such geneexpression changes may be underpinned by epigenetic effects, which are particularly plausible putative mechanisms for longterm effects. Nevertheless, given that both the inflammatory system and the HPA axis are hyperactive in depressed pregnant women, another potential (non-exclusive) mechanism could be the indirect chronic activation of the offspring immune system via changes in HPA axis function. [28] [29] [30] For example, a recent study reported HPA axis hyperactivity and glucocorticoid resistance, in the context of increased cytokine levels, in pregnant women with high sociodemographic risks. 76 HPA axis The fact that we do not find an association between maternal prenatal depression and offspring adulthood cortisol is interesting, given that a link has been demonstrated with diurnal cortisol measured at the age of 15 in a different sample. 42 One potential explanation for these differences could be attributed to methodological factors. The aforementioned study comprised a large sample, yet with only small effect sizes being observed, 42 and therefore it is possible that our design lacked the power to detect a potential adulthood effect. Furthermore, we measured the CAR, which reflects different aspects of HPA axis functioning compared with diurnal cortisol. 77, 78 However, it is also possible that the effects of prenatal depression on HPA axis function are present in adolescence, but do not persist into adulthood. Of note, our finding that child maltreatment predicts an altered cortisol profile is consistent with the literature linking childhood adversity with HPA axis dysfunction. 50 Strengths and limitations Alongside the numerous strengths of this study, such as the use of a prospective design starting in pregnancy through 26 years to chart offspring development, and the prospective collection of data through one-to-one interviews, there are limitations that need to be highlighted. First, the SLCDS is drawn from an urban, predominantly working class population of families of white ethnic origin; thus, these results may not be representative of the wider population. Second, the majority of mothers were diagnosed with International Classification of Diseases, Ninth Revision neurotic depression during pregnancy, a diagnosis in which anxiety can also be present along with depressed mood; 79 therefore, it is possible that our observed effects could be attributed to anxiety, or mixed anxiety and depression, rather than depression alone. Third, only one index of inflammation (hs-CRP) and HPA axis function (awakening cortisol) was measured. Fourth, because of the high levels of clinical overlap between risk and psychopathology constructs, group sizes were heavily uneven when making group comparisons (albeit statistical corrections were applied to account for this).
Implications and conclusions Our findings suggest that maternal prenatal depression has persistent effects on offspring inflammation that are observable up to 25 years after birth. We do not find an effect of prenatal maternal depression on offspring adulthood HPA axis activity, suggesting a specific effect on programming inflammation. Findings are consistent with the developmental origins of health and disease hypothesis of the biological embedding of gestational psychosocial adversity into vulnerability for future physical and mental illness. Within a preventative medicine framework, pregnancy is an opportune time to intervene, given women's high contact with clinical services, in order to protect against high levels of further physical and mental illness in the next generation of adults.
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